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20, Abstract 7’

) Radiafrequency (rf) discharges have been used to depasit films of tungsten, malybdenum, and
titanium silicide. As-deposited tungsten films, from tungsten hexafluoride and hydrogen source .
gases, were metastable (-W), with significant (>1 atomic percent) flucrine incorporation. Film
resistivities were 40-55//2{bcm due to the §-W, but dropped to ~8 40-cm after a short heat treat-
ment at 7(!)'% which resulted in a phase transition to g—W (bee farm). The high resistivity (>10,000 -

I -

 juf1-cm) associated with molybdenum films deposited from molybdenum hexafluoride and hydrogen =
appeared 1o be a result of the formation of molybdenum trifluaride in the deposited material.
Titanium silicide films formed fram a discharge of titanium tetrachloride, silane, and hydrogen, ;3:
displayed resistivities of ~150 (-cm, due to small amounts of arygen and chlrine incorparated i
during deposition. Plasma etching studies of tungsten films with fluorine-containing gases suggest ‘
that the etchant species for tungsten in these discharges are flucrine atoms. -~
<

UNCLASSIFIED

SECURI™Y CLASSIFICATION SF THIS PAGE Whan Dara Entered! N




?.‘J. A SaiC Sl Nl At GBI M A IC AR S At Sl A S & A il A AT, R T Ty v~

PROBLEM STATEMENT

As silicon device geametries shrink to less than one micron in size, an increasing burden is
placed upon the materials used for gates, interconnects, and cantacts in MOS circuits. Far the past
decade, heavily doped polycrystalline silicon and/ar aluminum have been the preferred materials far
X these applications. However, polysilicon is a relatively high resistivity material, thereby reducing
speed, and aluminum is a low melting material, thereby limiting processing latitude. As a result,
transition metals and transition metal silicides are being studied as possible replacements for current
interconnect technology. The following repart describes an investigation of the use of f flow
discharges (plasmas) for the deposition of tungsten molybdenum, and titanium silicide films. Chemi-
cal, physical, and electrical properties of the films are reparted as a function of plasma deposition

parameters. In addition, preliminary rf glow discharge etch studies of tungsten films are presented.

INTRODUCTION

The tremendous increase in complexity of integrated circuits (IC's) over the past decade has in
large part been made possible by the continual decrease in circuit element or pattern size. As device
geometries shrink still further (to 1 xm and less), increasing demands are placed upan the materials
used for interconmections and gates in metal-axide-semicanductar (MOS) dircuits. For instance,
these materials must possess low resistivity, talerate high (>600°C) processing temperatures, and be
capable of precise and reproducitle pattem definition at the 1 um level.

Since the late 1960's, the material which has been most widely used far interconnect applica-
tions is polycrystalline silicon (1). Several reasons exist for its wide utility in this regard. The process
technology required for reproducible and controllable deposition of palysilicon is well-established and
reasonably well-understood. Also, pdlysilican is capable of withstanding high processing tempera-
tures, and can be patterned with existing etchants. Finally, thermal axidation of polysilicon is easily
perfarmed, and the resulting oxide is an insulator with low conductivity, low pinhole density, and
excellent adhesion. Therefore, this thermal oxide can be used for masking purposes during polysiki-
con etching, as well as for dielectric isolation between subsequent films deposited over polysilicon.
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However, silicon-gate technology presents several limitations for future (and in some cases

Si present-day) circuits. First, the speed of a circuit is related to the sheet resistance of the intercon-

:é': nect lines. Far polysilicon of 0.4 um thickness and 3 um width, sheet resistance is fairly high (usu-

E ally ~100 0/ 0), and so the propagation delay is high also. Secondly, as devices are scaled to smaller

> lateral dimensions, the vertical dimensions must also shrink if fine pattern sizes are to be controllably

E delincated. Thus, sheet resistance increases further, as does the propagation delay. Finally, since the

s grain size of palysiican is typically ~0.1 um under current process conditions, very small lines with

ry straight edges are difficult to achieve. )
N

: Two approaches are being pursued to eliminate the disadvantages incurred in polysilicon tech- \
.3? nology: transition metals and transition metal silicides. Refractary metals such as malybdenum, tan- ‘
talum, and tungsten have been routinely deposited by sputtering (3-5), electron-beam evaparation (5, !
i 6), and chemical vapor deposition (7-12). These films have proved useful for MOS devices because .
of their low sheet resistance and small grain size. In particular, these metals are of interest for con- :
. tact layers, and the potential for selective deposition is most attractive from a processing standpoint

‘,’ (13). However, these metals have higher work functions than does doped polysilicon, and so thres-

bald voltages are naturally higher for unimplanted NMOS circuits. Further, a doped oxide glass must

< be used for dielectric isolation of the refractary metals from subsequently depasited conducting films, ’
’ since thermal oxides of these refractory metals are poor dielectric and passivation layers. Finally, X
:;-; these metals are not, in general, resistant to chemical reagents or oxidizing atmospheres used for ‘
v device processing.

N 'ikansition metal silicides have recently generated interest for interconnection technology,

“2 either as a single layer film ar as a polycide structure (14-19). The silicides have been deposited pri-

3 marily by clectron beam evaporation and sputtering, although CVD has also been used. Resistivitics 1
N of such silicides as TaSi,, TiSi;, MoSi,, and WSi; are in the range of 25-100 uQ-cm (15), which is a :
factor of 5-10 lower than that of heavily-doped polysilican.
: In addition to the low resistivities and small grain sizes displayed by certain metal silicides,
these materials also offer some advantages over refractory metals. For instance, oddadon of the sili-
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cides results in a unifam, adherent film of silicon diaxide (15, 20-23). Further, the silicides are rela-

tively inert to narmal chemical reagents used far IC processing.

Most of the published work on metal silicides has been carried out an the discilidies. However,
unique properties (resistivity, stress, axidation rate, wark function, etc.) may be imparted to these
materials if the metal to silicon ratio is varied, and selected impurities are incarporated into the
films. Indeed, Murarka (15, 20) has shown that the stress of titanium silicide and tantahum silicide
films varies with compasition far co-sputtered layers.

Plasma-enhanced chemical vapor deposition (PECVD) has been shown to be an extremely use-
ful technique for the deposition of inarganic diclectric and semicanductor films for integrated circuit
and sdlar cell applications. However, little wark has been published on PECVD of metal and metal
silicide films. Our studies on PECVD tungsten (23-27) have indicated that relatively low resistivity,
unique (metastable) metal films can be farmed by PECVD. Further, a few publications an PECVD
of metal silicdide layers have shown the feasibility of such materials (28-33). Clearly, PECVD dffers
the potential to systematically vary the important chemical, physical, and electrical properties of
transition metal silicide films, and should afford excellent step coverage for these layers.

This report summarizes our wark to date an the processing of transition metal and transition
metal silicide films by plasma techniques. Although much of this effart has been devoted to
PECVD, some preliminary studies on metal etching have also been performed.

RESEARCH RESULTS

Tungsten
Film Deposition

A radial flow parallel plate plasma reactar (described previously (23)) was used for the deposi-
tion of tungsten and molybdenum films. Unless otherwise indicated, the following “‘standard™ depo-
sition conditions were used for the tungsten studies described below: T = 350°C, P = 200 mTorr,

power = 0.06 W/em?, HyWF; = 3, and f = 4.5 MHz.
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Over the temperature range of 200°-400°C, the tungsten depasition rate follows an Arhenius '
)
D. R. (om/ min) = 101 exp (—0.16 eV/ kT) ':f
't
The effective activation energy for the PECVD process (0.16 ¢Viatom) is distinctly different fram -
the E, for atmospheric pressure CVD tungsten (0.69 ¢V/atam) (34) and fram that for LECVD
tungsten (0.71 eV/atam) (13). These results indicate that the rate-limiting step in CVD is different «
from that in PECVD. Such observations are quite reasonable, since in atmospheric CVD and in
LPCVD, the rate-limiting step appears to be hydrogen dissociation on the substrate surface (13, 34).
However, in a glow discharge, hydrogen atoms are already present for reacticn with WE, species. ;E::
The specific subfluorides generated via electran impact cdllision depend on the electran energy. &
Mass spectzameter studies have demonstrated that with 20 eV clectrons, the primary fragment of E\
WF; is WFs, with the concentration of WF;* lower by a factar of 4. When 50 eV electrans are "3
used, subflucrides down to WF* are observed, although the primary fragment is still WE'. Since the £
average electron encrgy in rf glow discharges used for deposition or etching is several electron voits
and since few electrans in such plasmas possess energies in excess of 30 €V, the principal fragment ‘:
in WFy glow discharges is apparently WFs. Indeed, WFs appears to be the important intermediate in .
CVD of tungsten from WF; (39). ’
Dissociation of WF; to gencrate fluorine atoms results in a limitation in the use of the glow :
discharge techmique for tungsten deposition in VLSL. It is well-known that flucrine atoms etch both
S and SiO;. The etch rates can be expressed by (36, 37): —
Rg(Si) = 2.91 x 107°T'/2 pg exp (—0.108 eV/ kT)

Re = (SiOy) = 8.97 x 107“TV2 ng exp (~0.163 eV/ kT) S
where R is the fluorine atom etch rate in nm/min, T the temperature in °K, ng the fluorine atom :
density in cm ™, and k is Boltzmann's constant. At room temperature (300°K), the etch rates for ng *'.
= 105m™? are therefore Rg(Si) = 77 nm/min and R{(Si0,) = 3 nm/min. However, at a typical -
tungsten depasition temperature of 350°C, Rg (Si), = 968 nm/min and RK(SiO,) = 106 nm/min. In
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additian, the ctch rates are accelerated in the plasma atmosphere. This means that substantial etch-
ing of exposed Si ar SiOy may occur during the initial stages of PECVD. Indeed, over 70 om of SiO;
have been removed during the typical depositicn cycle of PECVD tungsten.

Under the proper substrate surface preparation and CVD conditions, tungsten can be deposited

= e gm gt gp
T r
-

3 selectively an Si but not on neighbaring axide regions (38). Preliminary studies have not identified
' similar conditions in the PECVD process. In fact, selective deposition may not be possible in paral-

-' ."{ AP r‘

kel plate PECVD reactors due to ion bombardment, which can create surface damage and thus
adsarption sites an SiO,.

In order to determine the confarmality of PECVD tungsten films over silicon steps. RIE was
used to farm 1.8 xm and 0.2 um steps in single crystal and polycrystalline silicon films, respectively. -
Tungsten films 300 am thick were then depasited by PECVD over the steps, the samples cleaved,
and the cross-sections examined by SEM (24). In both cases, complete conformality by the thin films

oy :l D

was obtained

'.l

Structure

.

LN

Scanmning electran microscope (SEM) studies of crass sections PECVD tungsten films indicate
that the films are colurmmar, consistent with tungsten films deposited by ather techniques (39). SEM
investigations show that the grain size of 200 nm-thick PECVD films deposited between 200° and
400°C, is in the range of 20-40 nom. Subsequent heat treatments for 30 min. in N>/ H, atmospheres
a a temperature of 900°C results in grain growth, with the average grain size in the range
60—70 nm.

As indicated in our previous report, and in Ref. (26), forming gas (10% Hv/90% N,) heat
treatments of as-deposited tungsten films above S00°C significantly reduce the resistivity (from 50 to
13 x0-cm at 650°C). The activation energy for this resistivity change is ~0.75 eV/molec, which is -
similar to the reported (40) activation energy for the surface diffusion of tungsten on tungsten (~0.8
eV/atam). X-ray diffraction studies (Fig. 1) have identified the as-deposited PECVD material as .
f—W, a metastable phase with an A15 or A;B crystal structure (27). To our knowledge, this is the
first report of a metastable elemental phase formed by PECVD. The metastable material is
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Fgure 1. X-ray diffraction patterns of PECVD tungsten film. Top - as-deposited at 350°C; Bot-
tom - after 30 min. in Hy/ Na at 750°C.
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converted into the stable, lower resistivity bcc form upon heat treatments above 600°C, thus -
accounting far the drop in resistivity described above. Is
Preliminary XPS (FSCA) studies indicate that as-deposited PECVD tungsten films contain o
between 1.5 and 1.2 atom percent fluarine, and that the concentration drops to 0.5% upan farming
gas heat treatments at 650°C or above, as shown in Fig. 2. Thus, it appears that the presence of w
fluorine assists the stabilization of the metastable phase, similar to that observed for axygen impuri- £
ties in sputtered §-W (41). Outdiffusion of flucrine occurs during heat treatment, thereby permitting 23
the phase transformation. In contrast, tungsten deposition in the reactor without ignition of the
discharge results in the farmation of only a-W (the stable bee form) indicating the importance of the
plasma atmosphere in nucleation of the metastable phase. \
Plasma Etching
PECVD tungsten films were etched in glow discharges containing CF, or SF; (42). The reactor
utilized was the one in which the tungsten depasitions were performed (23). Since no cooling capa-
bilities were available in this reactor, the minimum electrode temperature used for the etching stu- o
dies was 60°C. This temperature allowed ctch times greater than 15 min. to be used without a ;
detectable increase in electrode temperature. In order to separately evaluate the effect of various t_
plasma parameters on tungsten etch rates and fluarine atom densities, a set of standard etch condi- N
tions was established: 0.2 W/ar? at 4.5 MHz, 200 mTorr pressure, 60°C electrode temperature, and E
a total flow rate of 75 scem. Optical emission studies were performed with a plasma-Therm PSS-2 \
system. Relative fluorine atam densities were determined by using argon (2% aof the feed gas) as a '
tracer ar “‘actinometer,” and recording emissian intensities of Ar (750.4 nm) and F (703.7 nom) as a
function of plasma parameters (43). No change in F atom emission intensity was observed far Ar :
addition up to 4%. =
The etch depth of tungsten films in SF¢/O, plasmas increases linearly with etch time. Further,
when this linear relationship is extrapolated, the line passes through the origin, indicating that no
initiation period or lag time exists at the start of tungsten etching. This result is consisted with the S

fact that the etch product (WFg) is thermodynamically more stable than the oxides (WO,, WO;,
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Figure 2. Fluorine content in PECVD tungsten as determined by XPS. Anneal time in Hy/ Ny
was 30 min.
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W;0s) and that tungsten axyfluarides are volatile.

Arrhenius plots of the etch rate of tungsten in 90% SF¢/10% O, and in 90% CF,/10% O, plas-
mas are shown in Fig. 3. The apparent activation energy far both etchant gases is 0.2 eV/mol. These
results suggest that the active ctchant species (F) and the reaction mechanism may be the same for
both etch gases. Optical emission studies indicate that the higher etch rates observed with SFq over
CF, plasmas are due to higher F atam concentratians in SFy discharges.

The effect of axygen additions to CF, an the relative fluorine atom density as detenmined by
actinometry, and on the tungsten etch rate is shown in Fig. 4. Although both fluorine atam density
and etch rate go through a maximum, the peak etch rate does not caincide with the maximum
fluorine atam density. Such trends are identical to those observed in CFy/O, plasma etching of sili-
con (44, 45). These results ako substantiate the claim that F atoms are the primary etchant for
tungsten in CF,/O, discharges. As in the case of Si etching (44), axygen additions to CF, enhance
the production of F atams and reduce C-containing residues, thereby increasing the tungsten etch
rate. Further, since F and O atoms compete for surface adsorption sites, a nan-coincidence of the
tungsten etch rate and the maximum F atom concentration results, exacrly analogous to that
observed in silicon etching (44).

Similar F atom density results to those observed in CF,/O, discharges are noted far SFy/O,
plasmas, as shown in Fig. 5. However, the maximum etch rate occurs with a pure SFg discharge, in
agreement with results reparted for reactive ion etching of tungsten (46). In contrast, the maximum
F atom density, which is four times higher than in a pure SF; discharge, occurs at 30% oxygen.
CQlearly, competitive adsarption between O and F atoms cannot explain the maximum etch rate at
such low O atam concentrations. Since the primary free radicals generated in SF¢ plasmas are
apparently SFs and SF; (47), these species can diffuse to the tungsten surface, where they may
undergo dissociative chemisorption to form F, SF, and SF,. These processes can thereby supply addi-
tional F atoms to the etching surface most efficiently. Of course, if this process is operative, an
alteration of etch mechanism would occur. Indeed, the apparent activation energy for tungsten etch-
ing in a pure SF; discharge drops by a factor of 3 (to 0.07 eV/mol) campared to SF¢/Os.
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Hydrogen addition to CF, and SF; plasmas result in a scavenging of F atoms, thus decreasing
the overall etch rate, and generating residues of carbon ar sulfur. However, Auger results suggest
that sulfur is easily sputtered from the wafer during etching in SFs plasmas at the slightly elevated )
temperatures used here.

When rf power is increased fram 10W to 150W, the F atom density and thus the etch rate in

Sy

CF/O; and in SF¢/O, discharges increases. Naturally, the etch rates are higher in SFg plasmas due to
the higher F "tom density relative to CF, discharges.

LY W€

The etch rate and the relative F atom density in CFJ/O; plasmas both increase linearly with g
essure in the range 100-500 mTarr. Unlike CF/O,, the etch rate and relative F atom dessity in
SF¢/O, discharges initially increase with pressure and exhibit a maximum at 200 mTarr. Above this N
pressure, both etch rate and F atam density decreasc as the pressure increases. Actinametry results s
suggest that the electran energy in SF; discharges is more sensitive to pressure variation than in CF, .
plasmas. The cfficiency of excitation in SFg discharges decreases much faster with pressure than in N
CF, discharges, 0 that fewer F atoms are generated at high (> 200 mTorr) pressures, resulting in a
drop in etch rate.

Molybdenum

As described in our last repart (July, 1982), we have deposited molybdenum films in an f
discharge of MoFg and H; (flow ratios greater than 6 Hy/MaF) above 200°C electrode temperatw. -
(24). The purity of these films is low, with the major contaminant being fluarine; thus the resistivity
is high: ~15,000 u0-cm. Recent XPS studies have indicated that MaF; may be incarporated into -
these films. Indeed, MoF; is a stable solid that is not reduced by hydrogen or dispropartioned into
lower subfluarides below 400°C (48). Further, these conclusions are conmsistent with reparted results
of CVD molybdenum films when MoFj is used as a reactant (49).

Titanium Silicide
, In arder to prepare for tramsition metal silicide depasition by PECVD, we reconfigured the

g upper (hollow) electrode in our deposition system. The electrode was divided into compartments so .
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that the two reactants (silane and a transition metal halide) introduced through the electrode did not
come into contact until they entered the interelectrode gap and thus the discharge. Such precautions
were necessary because of the high reactivity between silane and many transition metal halides.

Parametric studies were canducted on the deposition of TiSi, fram TiCl,, SiH, and Hy (fow
ratio of 12:70) at a power demsity of 1.2 W/cm?. Although an increase in deposition rate from
~3 nm/ min at 250°C to ~60 nm/min at 430°C was observed, the total pressure and of frequency
had the largest effect on deposition rate. Far instance, below a total pressure of 0.8 Tarr, the deposi-
tion rate was less than 1.5 nm/min. As the pressure was increased fram 0.9 to 1.7 Tarr, the deposi-
tion rate increased almost linearly from 2.2 to 9.4 nm/min; similarly, as the o frequency was
increased fram 2 to 13.56 MHz, the deposition rate increased essentially linearly from 3.9 to 17.1
nm/min. However, because an increase in pressure and frequency results in lower electran energies
and ion bombardment energies, it is expected that a considerable amount of chiorine would be incar-
porated into the deposited films. Indeed, at pressures above 1.5 Torr, and frequencies above 6
MHz, an increase in as-deposited resistivity was observed. Thus, fram our results, it appears that
the best campromise for the deposition of TiSi, films occurred under the following conditions: 1.5
Torr, 1.2 Wicm?, 430°C, 3 MHz, and flow ratics of 0.6 sccm TiCl, 1.2 sccm SiHj, and 40 scom
H,. Undex these conditions, films with as-deposited sheet resistivities between 9 and 11 )/ O were
formed. This represents a factar of two improvement over previous reportes of PECVD TiSi, (30).

In the hopes of lowering the sheet resistivity to less than 1 ()/ O (near bulk resistivity), anneals
in No/ Hy at temperatures of 650°C or above were performed. Unfortunately, 24 /0 was the
lowest sheet resistivity attainable. Auger depth profiles indicated that axygen was incorporated at the
interface between the silicon substrate and the TiSi, film. Although this did not significantly affect
the as-deposited resistivity, anneal cycles above 600°C caused a diffusion of oxygen into the bulk of
the film and limited the minimum resistivity to ~3 (/0. Such results indicate that it is possible to
depasit reasonable quality TiSi, films via PECVD oaly if an improved vacuum system is imple-
mented so that oxygen is totally excluded. A possible alternative might be to sandwich the TiSi,
between two layers of polysilicon as reported in a previous study (30).
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Auger and RBS studies have demanstrated that the as-deposited Si/Ti ratio is 1.2; this value
changes to 2 when anneals above 650°C were perfarmed. In additian, the surface of the TiSi, film
became extremely rough, as evidenced by SEM investigations. We belisve that the roughness
occurred because of defects ar weak spots in the native SiO, present an the silicon surface. Such

defects permit localized diffusion of silicon into the TiSi, ; film, thereby forming TiSi; from essen-
tially a “‘paint source.” This created large TiSi; growths and thus a rough surface.

The structure of PECVD TiSi, films was investigated by X-ray diffraction techmques. As-
deposited at 430°C, the films were largely amorphous, aithough a small peak corresponding to the
(311) arientation of TiSi; was observed. Upon amnealing at 800°C in mitrogen, this peak sharpened
and grew in intensity. In addition, a peak assigned to the (313) arientation of TiSi; appeared. A
900°C mitrogen anneal increased the intensity of this peak and another peak, due to the (004) orien-
tation, appeared. No diffraction peaks due to TiSi, TisSi;, ar other silicides were detected. Further,
no titanium axide peaks were observed. Such results are consistent with trends reparted far the
annealing titanium films evaparated anto silicon substrates.

As-deposted TiSi, film stress levels were determined by measuring the bowing of a film depo-
sited onto glass cover slips using a metallurgical microscope. The parameters that most affected the
stress type and level were the deposition temperature and excitation frequency. Below 400°C. the
campressive stress of the film increased as the temperature dropped. Above 400°C, the tensile stress
increased with increasing temperature. Such results may be a function of axygen incarporauon at the
lower temperature (thus generating commpressive stress) and a preponderance of thermal induced
stress (yielding tensile stress) as the deposition temperature was increased. As the excitaton fre-
quency was decreased from 8 MHz to 1 MHz, the tensile stress level increased. Above ~9 MHz,
the stress became compressive. At present, it is unclear why such trends were observed. We expect
that the stress level and type were established by ion bombardment flux and energy, but the trends
are reversed from those reparted for PECVD silicon nitride as a function of frequency.
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